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Though previous studies have shown saltmarsh adaptability to some degree of sea level rise 
(SLR), sediment supply is critical to sustaining saltmarshes as SLR accelerates. Land-use activities, 
such as dams, often influence watershed sediment transport and delivery to the coast. Previous 
studies have suggested that, even in small watersheds, dams can significantly impact coastal 
sediment budgets. The Parker River watershed (PRW) in northeastern Massachusetts hosts 20 
dams and several natural lakes, and drains into the Plum Island Sound Estuary (PIE). This research 
aims to evaluate the impact of dams and sediment transport in the PRW. Three approaches were 
used: theoretical modeling of sediment transport patterns using digital elevation models; spatial 
analysis of suspended sediment concentration (SSC) and remote sensing data; and empirical 
calculations of reservoir trap efficiency. 
Geomorphic modeling indicates that bankfull discharge can transport 20 µm grains (silt) as 
wash load throughout the PRW. Sediment deposition might happen at Crane Pond and in reservoirs, 
but removing dams would not change this pattern. Both SSC data and observations of satellite 
images during high-flow events indicate low supply and transport of sediment throughout the PRW. 
The estimates of sediment yield (Y) are low for the PRW. An empirical calculation indicates little-
to-no trap efficiencies for all dams. Therefore, fluvial contribution to the sediment budget of the 
PIS estuary is limited and dam removals in the PRW are unlikely to change the rate of sediment 
delivery to the PIE. The proposed method of this study provides an additional scope to assess the 
ecological benefits of removing a dam and could be easily replicated for other locations for similar 
assessment. Future studies should assess sediment dynamics and management practices from a 
more thorough perspective incorporating the riverine, estuarine and shelf system. 
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Saltmarshes provides important ecological services, including flood abatement, carbon and 
nutrient sequestration, water quality maintenance, landscape appeal, and habitat for fish, shellfish, 
and wildlife (DER, 2014). As sea level rise (SLR) leads to the inundation of coastal regions, one 
of the biggest concerns is the adaptability of saltmarshes. Previous studies (e.g., Kirwan et al., 
2010) have shown that saltmarshes adapt to some degree of SLR; however, when the inundation 
no longer allows vegetation growth, marshlands transition to subtidal mudflats. The rate of 
sediment supply to coasts and the movement of coastal sediments control whether saltmarshes 
accrete or erode under the accelerating SLR (Kirwan et al., 2010).  
Rivers supply sediments to the coast and human activities can change sediment yields by 
modifying the characteristics of watersheds and river channels. In particular, dams can decrease 
the grade and velocity of rivers, trap sediments in impoundments, and decrease sediment supply 
to the coasts significantly. Most previous studies (e.g., Wang et al., 2007; Syvitski et al., 2009; 
Kemp et al., 2016) focus on large rivers, such as the Mississippi River and the Yangtze River, 
where high discharges can mobilize more and larger sediments to the river mouth, and thus the 
impact of dams on sediment transport are more significant. Only a few studies (e.g., Willis & 
Griggs, 2003; McCusker & Daniels, 2008) have investigated the effect of dams on small rivers, 
and suggested that dams could be a major factor impacting coastal erosion in these watersheds. 
The Parker River watershed in northeastern Massachusetts hosts 17 dams and several natural 
lakes (Fig. 1). The river drains into the Plum Island Sound (PIS) estuary (Fig. 1), the largest 
intertidal marsh in the northeastern US. The tidal portion of the Parker River and PIS estuary lies 
within the boundary of the Parker River/Essex Bay Area of Critical Environmental Concerns 
(ACEC), which was designated in 1979. The status engages local communities to work with state 
2 
agencies and other organizations to preserve environmental quality, historic character, and 
associated economic values. The Parker River-PIS estuary possess valuable marine resources and 
provide important habitats for valuable fish, shellfish, and bird species (Buchsbaum et al., 2002). 
Multi-stakeholder efforts have long existed to actively assess the environmental issues and develop 
management plans (e.g., Rickards et al., 2002; Executive Office of Environmental Affairs, 2005; 
Schottland et al., 2017; Kelder, 2018). Many earlier efforts focused on the issues of water supply, 
water quality, habitats, and land use (e.g., Rickards et al., 2002; Executive Office of Environmental 
Affairs, 2005), while more recent planning start to address concerns over climate change, sea level 
rise, and human made structures as barriers to streamflow (e.g., Schottland et al., 2017; Kelder, 
2018; DER, 2020). 
However, these assessments lack a holistic analysis on the relationship among infrastructure, 
streamflow, sediment transport, and the consequential impact of marsh resilience. More 
specifically, the impacts of dams are only assessed on two dimensions: ecological impacts and 
infrastructure failure risks (e.g., Schottland et al., 2017; Kelder, 2018; DER, 2020). It is yet unclear 
whether the dams on the Parker River have impacts on the sediment dynamics of the whole 
watershed and thus the resilience of marshes. Thus, this study looks to fill the knowledge gap in 
current assessment through answering two questions: (1) Are dams trapping sediments and 
therefore reducing sediment load to the estuary? (2) What portion of the watershed can contribute 
sediments to the estuary? The estimated impact of dams on the sediment transport and the capacity 
of the watershed as a sediment source provide insights on land use practices and dam removal 
decisions in this region to help the resilience of saltmarshes in the PIS estuary.  
3 
 
Figure 1. (a) The study site, Parker River (blue-line polygon), is located in the northeastern Massachusetts about 40 km north of 
Boston tide gage (blue star) (MassGIS, 2017). The climatological station at the Lawrence Municipal Airport, MA (green star) 
locates slightly northwest of the watershed. (b) The study area (navy blue-lined polygon) is constrained to the part of the watershed 
(purple-lined polygon) without tidal influence. (c) A close-up map for the dammed reach (yellow-lined rectangle). SSC samples 
were collected at Parker River at Thurlow Street, River Street, Larkin Road, USGS gage (yellow star), and Parker River Dam, and 































2 Study Area 
The Parker River is located in the northeastern Massachusetts with a total drainage area of 
149.5 km2 (Fig. 1a). The river originates in wetlands in Boxford, and flows 34 km into the PIS 
(Fig. 1b). A total of 18 dams are located in the watershed, including seven on the main stem. Six 
of these dams are concentrated in a segment of 0.5 km long and I will refer to this region as the 
dammed reach (Fig. 1b-c). The mean tidal range is 2.6 m (NOAA, 2018), with tidal influence 
extending up to the Parker River Dam (Fig. 2a). I define the upland watershed as the drainage 
basin upstream of the Parker River Dam (63.5 km2, Fig. 1b) and constrain my analysis to this area. 
The basin contains several lakes, which are natural locations for sediment deposition. The 
studied basin has little agricultural land (2%) and bare land (1%), which limits the opportunity for 
soil erosion from cleared lands (Table 1; MassGIS, 2017). Water bodies consist of 4% of the basin, 
wetlands occupy 8%, and forests take up 50% (Table 1; MassGIS, 2017). The surficial geology of 
the watershed includes glacial-age sand and gravel deposits, till or bedrock, fine-grained deposits, 
and floodplain alluvium (Fig. 3, Table 2). The river is mostly sand and gravel-bedded upstream of 
Crane Pond and transitions to mud-bedded or bedrock at and downstream of Crane Pond. The low 
relief landscape (the highest elevation = 109 m) provides low energy to erode sedimentary deposits 
and bedrock. The mean annual precipitation is 1.0 m (USGS, 2019) and mean annual flood is 5.89 
mP	sQR (USGS, 2019) measured at the USGS gage (Fig. 1b, c). The mean annual discharge is 1.1 
mP	sQR (Granato et al., 2017) and the highest mean monthly flow occurs in spring (Fig. 4).  
The Parker River is ideal for this study for several reasons: (1) it supplies sediment to the salt 
marshes in the PIS ecosystem, one of the first coastal sites in the National Science Foundation’s 
(NSF) Long Term Ecological Research Network; (2) it has many dams and lakes that might impact 
the sediment transport; and (3) its location is easily accessible for field measurements.  
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Figure 2. The longitudinal profile (a) and the slope profile (b) of the Parker River main stem from mouth to head. The longitudinal 
profile with no data values and extreme pits and spikes removed (filtered LiDAR, blue line). Tide information is obtained from 
Plum Island South tide gage located close to the inlet of Plum Island Sound on the stage island and tidal datum is measured relative 
to mean lower low water (MLLW, magenta line). Mean high water (MHW) is 2.77 m above MLLW, mean higher-high water 
(MHHW, green line) is 2.89 m above MLLW, mean tide level (MTL, cyan line) is 1.43 m above MLLW, mean sea level (MSL) is 
1.43 m above MLLW. 25-m-moving-average profile (25-point filter, black line), profile with minima connected (demprofile_min, 
red line), and dams (black downward triangle) are indicated in the upper panel. Z_space is the filter interval for slope calculation. 
 
Table A. Land use of the Parker River watershed in 2016 (MassGIS, 2017). 
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Figure 3. Surficial geology of the Parker River upland watershed and the Rowley River watershed (MassGIS, 2017). 
 
Table B. Surficial geology of the Parker River watershed and the Rowley River watershed (MassGIS). 
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Figure 4. Mean discharge (Q) for each month at the USGS gage on Parker River at Byfield, MA (USGS, 2019). 
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3.1 The Future of SLR and Saltmarshes Adaptability to SLR 
As a result of anthropogenic climate change, the rate of SLR has accelerated since the Industrial 
Revolution. The estimated global average SLR rate increased from 1.1-1.9 mm	yrQR  between 
1900-1990 to 2.8-3.1 mm	yrQR between 1993-2010 (e.g., Church and White, 2011; Jevrejeva et 
al., 2014; Hay et al., 2015; Dangendorf et al., 2017). The future of SLR in northeastern 
Massachusetts might be more severe: the average rate of sea level rise increased to about 2.8 mm 
yr-1 in the 20th Century (Hopkinson et al., 2018), while the rate for 2000-2017 at Boston tide gauge 
(5.85 mm	yrQR; NOAA, 2017; Fig. 1) is almost double the global mean rate. The acceleration of 
SLR in the northeastern US is also 3-4 times faster than the global mean (Sallenger et al., 2012; 
Boon, 2012), while the effect of the glacial-isostatic adjustment remains minimal (Park et al., 
2002). SLR exacerbates inundation and erosion in coastal habitats and poses a threat to the long-
term existence of marshlands. Though some studies suggest that wetland loss is inevitable (e.g., 
McFadden et al., 2007; Craft et al., 2009), marshes could adapt to some extent of SLR through 
eco-geomorphic feedbacks (Fig. 5): when water depth increases, sediment trapping is more 
efficient and aboveground biological production will increase until water depth exceeds the 
suffocation threshold of vegetation, causing a drop of production with water-depth increase. 
Kirwan et al. (2010) modelled marsh elevation response to two different SLR scenarios (Fig. 6 and 
7). When SLR accelerates moderately, the accretion rate of marshes can keep up with increasing 
SLR rate (Fig. 6b). The modeled elevation of marshlands accommodates SLR, maintaining a water 
depth that still allows plant growth (Fig. 6a). However, if SLR rate continues to increase almost 
linearly (Fig. 7b), marshland elevation cannot stay abreast with the vegetation limit level and can 
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no longer support any plant growth (Fig. 7a). As a result, water depth increases, reflecting a 
transition from marshlands into subtidal mudflats (Fig. 7a).  
 
 
Figure 5. Interannual variation in mean sea level resulted in this relationship between the observed productivity of the salt marsh 
macrophyte Spartina alterniflora, measured annually since 1984 (Morris 2000), and depth below mean high tide (MHT) of sites in 
the high (open circles) and low (solid circles) marsh. Depth below MHT was computed during the peak growing season months of 
July and August and is a highly significant predictor of productivity (r2= 0.81, P < 0.0001). Stable (solid line) or unstable (dashed 




Figure 6. Response of marsh elevation (a) and accretion rate (b) to a conservative sea-level acceleration (IPCC A1B scenario 
[Bindoff et al., 2007]). Heavy blue line denotes sea level at spring high water (Figure 2a) or the sea-level rise rate (Figure 2b). The 
other lines represent elevations of the simulated position of the marsh relative to spring high water for different models (Morris et 
al., 2002; Temmerman et al., 2003; D’Alpaos et al., 2007; Kirwan and Murray, 2007; Mudd et al., 2009)). Because each model 
predicts a slightly different initial elevation relative to sea level, Kirwan et al. have normalized each model to a common equilibrium 
elevation at time zero. Because sea-level rise rates tend to exceed accretion rates, marsh elevations adjust to sea- level acceleration 
by becoming lower relative to sea level (i.e., more inundated) (Figure 2a), which enhances vertical accretion (Figure 2b). 
(Experimental conditions: spring tidal range = 1 m, suspended-sediment concentration = 30 mg L-1) (from Kirwan et al., 2010). 
Time (years AD) 
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Figure 7. Response of (a) marsh elevation and (b) accretion rate to a rapid sea-level acceleration. Heavy blue line denotes sea level 
at spring high water (Figure 3a) or the sea-level rise rate (Figure 3b). The other lines represent elevations of the marsh relative to 
spring high water using different models (Morris et al., 2002; Temmerman et al., 2003; D’Alpaos et al., 2007; Kirwan and Murray, 
2007; Mudd et al., 2009). In this model experiment, sea level accelerates according to Rahmstorf ’s (2007) maximum scenario. 
Kirwan et al. (2010) have extrapolated Rahmstorf’s scenario from 2100 to 2200 AD using a 3rd degree polynomial fit. Marsh 
elevations tend to adjust to sea-level acceleration by becoming deeper relative to sea level, although the dashed black line denotes 
the lowest elevations at which vegetation can grow. Arrows denote the point in each model at which marsh elevations become too 
low to support vegetation. In most models, vegetation mortality leads to a decrease in accretion. However, mortality leads to a 
temporary increase in organic accretion in the Mudd model, and does not affect accretion in the Temmerman model. (Experimental 
conditions: spring tidal range = 1 m, suspended-sediment concentration = 30 mg L-1.) (from Kirwan et al., 2010).  
Time (years AD) 
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3.2 Sediment Availability and Marshland Resilience 
Sediment availability impacts accretion rate through biological and physical processes, and 
thus is critical to the survival of marshlands. Applying different suspended sediment 
concentrations (SSC) to the same set of models yields different threshold SLR rates from a few 
millimeters per year (SSC = 1–10 mg	LQR) to several centimeters per year (SSC = 30–100 mg	LQR) 
(Kirwan et al., 2010). Kirwan et al. (2010) predicted a threshold SLR rate of about 5 mm	yrQR for 
marshes in the PIS Estuary given a 3 m tidal range and 3 mg	LQR SSC.  
Two major processes dominate the sediment supply to marshlands: fluvial processes of the 
watershed and tidal processes of offshore shelf. This study focuses on the former. The previous 
study of Kirwan et al. (2011) demonstrated 6 to 9 km2 wetland expansion in the PIS during the 
period of European settlement (~1850), when sediment load was presumed high due to land 
clearing in the Rowley River watershed (Fig. 8). Sediment cores were collected from the marshes 
surrounding the Rowley River and developed age-depth models to estimate the age at the bottom 
of the core (Fig. 8; Kirwan et al., 2011). The younger age area was explained as new expanded 
marsh from European settlement (Fig. 8; Kirwan et al., 2011). Furthermore, Kirwan et al. (2011) 
showed that marshland could expand with an increase of SSC by 1-2 orders of magnitude (from 1 
mg/L to 10 mg/L under 1 mm yr-1 SLR) and the later return of SSC to previous level will lead to 
little change in marshland. This sequence implies that current marshland lost would not be replaced 
unless SSC increases by 1-2 orders of magnitude.   
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Figure 8. Map of Plum Island Estuary (Massachusetts) study area showing extent of pre-settlement marsh (blue shading) and post-
settlement marsh (pink shading). Dates of marsh formation on map represent calibrated radiocarbon dates from basal peat (red 
dots), or dates estimated from peat thickness reported by McIntire and Morgan (1963) (yellow dots) and McCormick (1968) (blue 
dots). Positive dates indicate years A.D., negative dates indicate years B.C. (from Kirwan et al. 2011).  
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However, the results of Kirwan et al. (2011) are controversial. As pointed out by Priestas et al. 
(2012), high precision historical maps since 1780 show evidence of marsh loss that contradicts the 
proposed marsh expansion, and applying two age-depth curves for cores collected by previous 
researchers with no radiocarbon dates might bias the results. Kirwan and Murray (2012) responded 
the objections of Priestas et al. (2012), stating that historic maps are consistent with their 
stratigraphic record if marsh expansion began in 1700s, and that excluding the estimated marsh 
age of undated cores would still lead to the same conclusion of marsh expansion from their 14 
directly radiocarbon dated cores. 
Despite evidence for increased sediment loads as a result of past land clearing, the watersheds 
of the PIS Estuary is still sediment starved. The Parker River watershed is a low-relief, paraglacial 
landscape, where geomorphic features and sediments were formed directly or indirectly from 
glacial processes (Forbes and Syvitski, 1994). Kasprak et al. (2014) demonstrated that sediment 
exports from logging sites to channels along some parts of paraglacial coastal Maine were 
restricted by low gradient landscape. Paraglacial features such as lakes and bogs also provide 
additional opportunities for sediment trapping and reduce the modern sediment loads of New 
England rivers (Meade, 1982). It is likely that a fraction of the Parker River watershed is incapable 
of contributing sediments to the estuary.  
3.3  Impact of Dams on Sediment Transport 
Prior studies demonstrated various ways that sediment discharge could be influenced by 
human-induced changes including deforestation, agricultural practices, and dams and reservoirs 
(e.g., Wang et al., 2007; Syvitski et al., 2009; Restrepo et al., 2015; Kemp et al., 2016; Nienhuis 
et al., 2020). Particularly, dams create reservoirs (Fig. 9) that decrease the slope and velocity 
upstream. Thus, the sedimentation rate often increases at these locations, and the sediment load   
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Figure 9. Conceptual diagram depicting longitudinal profile of pre and post impoundment conditions and volume of stored sediment 
(modified from McCusker & Daniels, 2008). The blue arrow demonstrates the direction of water flow. Scenarios without dams 






downstream decreases. Syvitski et al. (2009) reported an average 44% decline in sediment supply 
to world’s 33 major deltas as a result of dam and reservoir construction. Modelling 11,000 coastal 
deltas worldwide with a process-based ternary diagram, Nienhuis et al. (2020) demonstrated that 
970 deltas were found to have a >50% decrease in fluvial sediment flux and a collective land loss 
of 12 ± 4	kmX	yrQR as a result of river damming.  
Most previous studies on the influence of dams on river sediment supply to the coast (e.g., 
Panin and Jipa, 2002; Yang et al., 2005; Dada et al., 2018) focus on large rivers, which have a 
Strahler stream order of 5 or larger (Fig. 10), high availability of mobile sediments, and a large 
discharge to carry a significant quantity of sediment to the river mouth. Only a few studies (e.g., 
Willis and Griggs, 2003; McCusker and Daniels, 2008) have attempted to investigate the effect of 
dams on smaller rivers (Strahler stream order ≤ 4). McCusker and Daniels (2008) estimated a total 
yearly volumetric sedimentation rate of five dams to be 7664 mP	yrQR, about 6.5% of the total 
coastal erosion estimate in Connecticut. It is thus possible that adding the ~4000 additional dams 
in Connecticut, the sedimentation rate would approximate the amount of coastal erosion. No 
significant correlation was found between impoundment age, watershed area, dam height and 
sedimentation rate, indicating that the influence of dams on sediment flux should be consistent 
regardless of their ages, upstream watershed sizes and dam heights (McCusker and Daniels, 2008). 
Following McCusker and Daniels (2008), my research focuses on the influence of dams on the 
sediment transport of the Parker River, in Massachusetts. 
3.4  Sediment Discharges and Sediment Yields from Previous Studies 
Previous studies have estimated sediment discharge (𝑄Y, unit: Mg yr-1) and sediment yield (Y, 
unit: Mg	kmQX	yrQR) that could provide some insights on the sediment transport capacity of the 





Figure 10. The Strahler stream order is a common way in hydrology to define the size of a river or stream (Horton, 1945; Strahler, 
1952; Strahler, 1957). Each segment of a stream or a river within a river network is treated as a node in a tree, with the next segment 
downstream as its parent. When two first orders come together, they form a second-order stream. The figure represents a stream 
order of 5 (modified from Wikipedia, 2011).   
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and marsh edge erosion for the PIS estuary. Using SSC data collected by the Plum Island 
Ecosystems Long Term Ecological Research Network (LTER) and the USGS discharge data for 
the Parker and Ipswich Rivers, a mean annual load of 2,656 Mg yr-1 was estimated between 2007 
and 2014 (Hopkinson et al., 2018). An additional 554 Mg yr-1 of organic matter were estimated, 
assuming that 10% of the total dissolved organic carbon flocculates when in contact with the high 
salinity estuarine water (Hopkinson et al., 2018). As the organic matter fraction of marsh sediments 
is 0.3, Hopkinson et al. (2018) speculated from previous studies that the accretion of organic matter 
on marsh surface is associated with not only net belowground production of refractory roots and 
rhizome tissues but also deposition during tidal inundation. While an estimated input of 32,299 
Mg yr-1 of sediments is necessary to maintain marsh level under a SLR rate of 2.8 mm	yrQR, the 
fluvial input (3,210 Mg	yrQR) only contribute to 10% of the marsh accretion need (Hopkinson et 
al., 2018). Using high resolution ocean color orthophotographs to model SSC from multispectral 
remote sensing reflectance, Zhang et al. (2020) analyzed the dominant drivers of SSC within the 
PIS estuary and attributed 19% of SSC variations to the Parker River discharge, with the potential 
to increase SSC by 5-10-fold during extreme river floods. 
Past literatures have reported the range of Y to be 5 - 1,460 Mg	kmQXyrQR for 24 gaged rivers 
and 800 watersheds throughout the US (Lane et al., 1997) and a global mean of 120 Mg	kmQXyrQR 
(Syvitski et al., 2005). Ames (2018) calculated the mean of stream gauging 𝑌 for glaciated and 
unglaciated basins in the northeastern United States, yielding values of 36.8 Mg	kmQX	yrQR and 
50.5 Mg	kmQX	yrQR   respectively. Nadeau (2010) constructed a sediment rating curve at the USGS 
gauge on the Parker River at Byfield, MA (yellow star, Fig. 1) and estimated that at least 400 Mg 
of suspended sediments passed through the outlet of USGS gauge from June 9th, 2008 to June 7th, 
2010. This value yields a Y of 3.7 Mg	kmQXyrQR, which is about an order smaller than the values 
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estimated in the Ames (2018) study. Hopkinson et al. (2018) reported a similarly low overall Y 
(3.1 Mg	kmQXyrQR) from the Ipswich and Parker River watersheds. This comparison suggests that 
the Parker River is likely not an important sediment source for the PIS estuary. One aspect of my 
research is to evaluate Y values estimated by previous studies with additional data. 
4 Purpose and Scope 
This research will answer two major questions:  
(1) Are dams trapping sediments and therefore reducing sediment load to the estuary?  
(2) What portion of the watershed can contribute sediments to the estuary? 
I combine three perspectives to study the sediment transport of the Parker River. In the 
theoretical approach, I leveraged the use of digital elevation models (DEM) and geomorphic 
parameters to model the pattern of potential sediment sources and sinks along the main stem Parker 
River. The present-day dammed conditions were compared with a scenario with the dams removed. 
The field-based analysis then looked to confirm the predicted pattern with field measurements of 
𝑆𝑆𝐶 and remote sensing data, and to quantify the sediment delivery capacity of the Parker River 
watershed with calculations of 𝑌 and 𝑄Y. Lastly, the empirical approach quantified trap efficiency 
(𝑇_) of the five dams in the dammed reach to evaluate how much sediment could be transported 
downstream of these dams. The outcomes together help evaluate whether removing dams in the 
dammed reach is a worthwhile decision to increase suspended sediment sources for the PIS estuary 
and the resilience of saltmarshes under SLR. 
From these two research questions, three competing hypotheses exist for these two questions 
and provide insights on the worthiness of removing dams from a marsh-sediment replenishment 
perspective: 
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(1) Upstream dams have no impact on the sediment supply of the Parker River watershed to 
the PIS and thus, no role in influencing the threshold sea level rate and resilience of salt 
marshes.  
(2) Upstream dams cause a difference in sediment supply of the Parker River watershed to the 
PIS, but the difference in sediment supply is insignificant compared to coastal erosion. 
Two possible indications could be derived from this scenario. 
a. If the relative difference in sediment supply between dammed and undammed 
conditions is small, this result might indicate that removing dams will not 
significantly increase sediment supply to the coast. 
b. If the relative difference in sediment supply between dammed and undammed 
conditions is large, but the sediment supply from the upland watershed is very small 
in the synthesized undammed situations, then this result might indicate that the 
sediment supply from the Parker River watershed is not the major source of 
sediment supply for the PIS. 
(3) Upstream dams cause a difference in sediment supply of the Parker River watershed to the 
PIS, and the difference is comparable to the amount of coastal erosion. This scenario would 
indicate a necessity to remove dams upstream for the purpose of salt marsh preservation. 
5 Research Methods 
5.1 Theoretical Approach: Suspended-Sediment Transport Pattern 
5.1.1 Calculations of Geomorphic Parameters and Geospatial Analysis 
DEM data were used to model the sediment transport patterns of the main stem Parker River. 
Previous studies demonstrated the simplicity and applicability of DEM data to investigate river 
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morphology and sediment transport (e.g., Snyder, et al., 2000; Snyder, 2009; Snyder, et al., 2013; 
Gartner et al., 2015). Snyder et al. (2000) used USGS 30 m DEM data to analyze the shear stress 
model of bedrock-channel incision in response to tectonic forcing. Gartner et al. (2015) developed 
a model to predict locations of sediment sources and sinks based on downstream gradient in stream 
power using 10 m DEMs. In both studies, the DEMs allow for simple and accurate wide-range 
drainage-area measurements.  
Snyder (2009) summarized several benefits of LiDAR DEM data for fluvial sediment transport 
analysis. Standard DEMs, where resolution depends on the map contour interval (typically 3 - 20 
m) and density (set by landscape gradient), generated spatially variable inaccuracy in geometric 
measurements. In contrast, with pixel sizes of 0.5 - 5 m and the ability to measure heights down to 
5 - 20 cm, LiDAR DEMs yielded an excellent resolution of river channel morphology and fluvial 
features. The measurements from LiDAR DEMs were comparable to those of high-precision but 
time-consuming field surveys.  
Furthermore, LiDAR DEMs are particularly useful for coarse gravel-bedded river channels. 
Previous studies (Wilkins & Snyder, 2011; Snyder et al., 2013) developed a model based on 
geometric and hydrologic parameters to predict bed grainsize in coarse gravel-bedded river 
channels. LiDAR DEMs were used to take geometric measurements of slope (S) and channel width 
(w). Because the widths of coarse gravel-bedded river channels were on the order of 10 m, only 
the resolution of LiDAR DEMs could allow for accurate measurements. However, the limitation 
of LiDAR DEMs was also obvious: the flow-routing algorithms based on adjacent pixels are 
computationally intensive for large (>100 km2) drainage basins (Snyder, 2009). Thus, drainage 
area (A) measurements in the Parker River watershed (212 km2) were computed using standard 
DEMs. 
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Two DEM datasets were used to estimate sediment transport patterns: 1-m LiDAR bare-earth 
DEMs from MassGIS (2017) and 10-m standard DEMs from USGS (2017). In ArcGIS, channel 
centerlines were modified from a MassGIS dataset, using orthophotographs and topographic maps 
as guides. Using the channel centerlines and 1-m LiDAR DEMs, elevation was extracted every 
meter along the channels to plot the longitudinal profiles for the main stem of the Parker River 
(Fig. 2). The values of S were calculated from the longitudinal profile in MATLAB using the 
methods of Snyder (2009) (Eqn. (1)):  
     𝑆 = ab
ac
 ,      (1) 
where z is elevation (unit: m) and x is distance (unit: m).  The values of A are measured from 10-
m standard DEMs every 100 m along the channels. 
The sediment transport model used in this research assumed that sediment transport scales with 
basal shear stress (𝜏d). Basal shear stress (𝜏d) is the force per unit area acting to transport sediment 
in the channel. Assuming a steady, uniform flow and the conservation of mass, 𝜏d (unit: Pa) was 
calculated by combining the depth-slope product equation with the Manning’s friction equation 
(Eqn. (2)): 





𝑆m/Rn,    (2) 
where 𝜌 is density of water (𝜌 = 	1000	kg	mQP at 20 ℃), g is acceleration by gravity (9.81 𝑚	𝑠QX), 
n is a channel roughness coefficient (~0.04	for gravel-bedded rivers based on Barnes, 1967), and 
𝑄 is discharge (unit: m3 s-1) (Wilkins and Snyder, 2011).  
I used bankfull condition to calculate 𝜏d. Bankfull discharge (𝑄dp) represents a flood whose 
magnitude and frequency are most effective in shaping the morphology of the river and thus is 
appropriate for evaluating sediment transport. The values of 𝑄dp  were calculated using drainage 
area (A, unit: m2) (Eqn. (3)): 
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 at the USGS gage, Byfield, MA and, c is a constant that depends on how much of 
the watershed contributes water to the channel during a rainfall event (Wilkins and Snyder, 2011). 
Bent and Waite (2013) estimated that the averaged recurrence interval (RI) for 𝑄dp  among 
Massachusetts’ rivers was 1.53 years and this value of RI was used to calculate 𝑄dp  at the USGS 
gage with a logarithmic regression between RI and annual peak discharge (Fig. 11). The value of 
c was assumed to be one because the Parker River watershed is small enough to assume that major 
rainstorms typically encompass the entire watershed and 𝑄dp  increases linearly with A (Dunne and 
Leopold, 1978). I calculated bankfull channel width (𝑤dp) using the power law equation (Eqn. (4)): 
      𝑤dp = 𝑘k𝐴_,     (4) 
where 𝑘k (1.918 × 10h	𝑚R.XP|X) and e (0.4038) are both empirically determined constants from 
Bent and Waite (2013). 
Shields parameter (φ), a dimensionless parameter that can be compared to the critical values 
to determine whether sediments of a specific size can be entrained by a certain flow, was calculated 
using Eqn. (5): 
φ = }u
(~Q~)	a
 ,    (5) 
where 𝜌Y is sediment density (2650	kg	mQP, density of quartz and feldspar) and d is sediment size 
(unit: m). The input values of d were informed by the descriptive sediment sizes from marshes in 
the PIS estuary (See Fig. 1 from Kirwan et al., 2011): 200 µm was used to represent fine-sand-
sized grains and 20 µm for silt-sized grains. I compared φ with the critical value (φ, Table 3) 
derived from the Shields diagram (See Fig. 6.9 from Middleton and Southard, 1984). For channel   
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Figure 11. The logarithmic relation between annual peak stream-flow and recurrence interval at the USGS gage (01101000) on 
Parker River at Byfield, MA (USGS, 2018a).  
 
Table C. Results of φ, τ, and w for 20 µm and 200 µm grains. 
Grain sizes 20 µm 200 µm 
φ 0.15 0.05 
τ	(Pa) 0.05 0.16 
w	(m	sQR) 3.6 × 10Q 3.6 × 10QX 
  
Q = 5.44 ln(RI) + 2.31 


















Annual peak stream flow vs. recurrence interval at USGS gage
(01101000) at Byfield, MA
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sections with φ  > φ , sediments on the bed are set in motion. The Rouse number (P) was 
calculated using Eqn. (6): 
      𝑃 = k
	∗
 ,     (6) 
where 𝑤Y (unit: m s-1) is settling velocity of the selected d, 𝜅 is von Karman constant (0.41), and 
𝑢∗ (unit: m s-1) is the shear velocity. 𝑤Y is a function of d (Eqn. (7); Stokes, 1851; Table 3): 
      𝑤Y =
(~Q~)
R|	
𝑔	𝑑X,    (7)  
where 𝜇 is molecular viscosity (0.001	𝑘𝑔	𝑚QR𝑠QR for water at 20 ℃). 𝑢∗ is a proxy for 𝜏d, defined 
as: 
      𝑢∗ = 	
}u
~
 .     (8)  
The sediment transport mode of the selected d was evaluated based on the value of P (Table 
4). A value of 2.5 was commonly used in previous studies (e.g., Bagnold, 1966; Van Rijn, 1984) 
to distinguish bed load and suspended load, while 1.2 was used for the split between incipient 
suspended load [referred to as 50 % suspension] and suspended load [referred to as 100% 
suspension] (e.g., Fredsøe and Deigaard, 1992; Borsje et al., 2014) and 0.8 was established for the 
boundary of wash load (e.g. Paola et al., 1999; Hill et al., 2016). 
The Exner’s downstream gradient approach was used to understand the pattern of sediment 
transport: an increase in 𝜏d or decrease in P downstream reflects locations with a positive sediment 
flux change (erosion); whereas, a decrease in 𝜏d or decrease in P downstream reflects locations 




) and P (a
ac
) were calculated in three ways: the difference between the upstream point 
and downstream point relative to the station (central difference), the average of 5 central 
differences centered around the station (5-point average), the average of 9 central differences   
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Table D. Implication of Rouse Number Values (Whipple, 2004). 
P > 2.5 bedload 
1.2 < P < 2.5 suspended	load:	50%	suspension 
0.8 < P < 1.2 suspended	load:	100%	suspension 
P < 0.8 wash	load 
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 were plotted 
on maps in ArcGIS to estimate locations of sediment deposition (i.e. sinks) and erosion (i.e. 
sources). A hydraulic model based on cross section surveys (such as HEC-RAS) would provide a 
more detailed analysis of the influence of dams on sediment transport, as was done by Wade (2008) 
for one of the dams on the Parker River (Larkin Mill Dam). The methods used in this study were 
less spatially resolved, but more efficient to apply over the entire channel networks. 
To investigate the effect of dams on sediment loads, I repeated the same analysis on a simulated 
undammed scenario. I distributed the steep elevation change at the site of the dam over the length 
of the flatwater impoundment upstream to simulate the river channel without dams (Fig. 9). This 
smoothing was informed by measurements of dam’s geometry (height, width and length) from 
LiDAR DEMs and field measurements. The patterns of }u
ac
 were compared between the dammed 
and undammed scenarios to understand how sediment transport might change with dam removal. 
5.2 Field-based and Remote Sensing Approach: Observations of Hydrology and Sediment 
Transport 
5.2.1 SSC Datasets and Suspended Sediment Yield 
The field-based analysis first aimed to quantify Y of the Parker River watershed using SSC 
data. Two sets of historical data were used to calculate Y: SSC data at the Parker River Dam at 
Central Street, Newbury, MA from the LTER project (dataset available from Wollheim and 
Hopkinson, 2016), and SSC data at the USGS gage at Byfield, MA (USGS, 2018b; Fig. 1). The 
LTER scientists measured 238 SSCs from 1993 to 2015. The range of daily mean flow discharge 
(𝑄a) spanned from 1.6× 10QP m3s-1 (RI = 0.65 years) to 14 m3s-1 (RI = 7.9 years), and the SSC 
data spanned from 0.1 mg/L to 39.8 mg/L. The USGS dataset had 9 points from 2003 and the range 
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of 𝑄a spanned from 1.9× 10QX m3s-1 (RI = 0.66 years) to 4.3 m3s-1 (RI = 4.3 years), and the SSC 
data spanned from 1 mg/L to 22 mg/L. 
Based on the SSC data collection time, I obtained the 𝑄a (unit: cfs) at the USGS gage on the 
dates of data collection. I used Eqn. (3) to calculate 𝑄a at the first dam, where 𝑘r is calibrated with 
𝑄a at the USGS gage. I calculated daily sediment discharge (𝑄Ya, unit: Mg d-1) with SSC (unit: mg 
L-1) (Eqn. (9)): 










).   (9) 
Using the same methods as Nadeau (2010), the sediment rating curves were developed through 
the linear regression of both datasets (Eqn. (10))  
     log(𝑄Ya) = alog(𝑄a) + 𝑏,    (10) 
and compared to explore the spatial variations on 𝑄Ya for the same 𝑄a (unit: m3 s-1). Sediment 
discharge (𝑄Y, unit: Mg yr-1) is the sum of 𝑄Ya calculated using suspended sediment rating curve 
in a year (Eqn. (11)): 
      𝑄Y = ∑ 𝑄Ya_§P£h§¨R .    (11) 
𝑄Y was calculated for each water year with available flow data (from 1945 to present) and the 
average for the whole dataset were calculated for both rating curves. Finally, Y was calculated 
using Eqn. (12). 
      𝑌 = j
w
,     (12) 
The results provided an estimate of the average amount of suspended load that the watershed 
delivered to the estuary annually. The values of 𝑄Y and Y were compared to the values in Nadeau 
(2010), Ames (2018) and Hopkinson et al. (2018) to evaluate the sediment delivery capacity of the 
Parker River at different locations and how the Y compares with those of other rivers in 
northeastern US.  
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5.2.2 Fieldwork and Lab Designs for SSC Spatial Pattern Analysis 
 The second goal of the field-based analysis was to measure the spatial variations of SSC 
through the dammed reach to test the predictions of theoretical analysis. I collected 3 SSC samples 
at each of six locations with road crossings along the Parker River and one tributary on October 
26th, 2018 and May 14th, 2019 (Fig. 1c). I used one-liter polypropylene wide-mouth bottles to take 
water samples from the water column around mid-channel (Davis, 2005) and measure suspended 
sediment mass (𝑚Y) and SSC in the lab. For each sample bottle, I used 250 mL to measure SSC. 
Whatman 47-mm GF/F glass-fiber filters (pore size = 0.7 µm) were pre-combusted at 450 °C 
for 4 hours to get rid of organic remnants in the filters and weighed. The volume of water 
samples (𝑉kY = 250	𝑚𝐿) were measured and a vacuum set up (Fig. 12) was used to filter this 
sample. Filtered sediments along with the filters were placed into individual pre-weighed crucibles 
and dried overnight in the oven at 105°C. The mass of dry sediments and organics (𝑚aY) was 
measured as the difference between the measured values and the weights of the pre-weighed 
crucibles and filters. The dry samples were then combusted at 550°C in the furnace for four hours 
to burn off all organics. After cooling, 𝑚Y was measured as the difference between the measured 
values and the pre-weighed crucibles and filters. SSC was calculated (Eqn. (13)): 
𝑆𝑆𝐶 = 	 
«¬
.     (13) 
I compared SSC at these six locations for each event and used the variation in SSC between 
sites to evaluate whether sediment erosion or deposition occurs at each segment. The uncertainty 
was calculated based on the accuracy of the measuring equipment: mass was weighed using 
different accuracies (1 mg for samples on October 26th, 2018 and 0.1 mg for samples on May 14th, 
2019) and volume was measured with 2 mL accuracy. The uncertainty of mds and ms were 2 mg 
for samples on October 26th, 2018 and 0.2 mg for samples on May 14th, 2019. The uncertainty of   
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Figure 12. Lab set up for SSC measurements. Equipment from left to right: a 1000-mL graduated cylinder, a conical flask with a 
filter cup and an opening that could be connected to the lab vacuum through a tube, and Whatman 47-mm GF/F glass-fiber filters.  
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SSC (7 mg/L) was calculated using Eqn. (14) to be 7 mg/L for samples on October 26th, 2018 and 
0.7 mg/L for samples on May 14th, 2019: 





Δ𝑉kY,    (14) 
where ΔSSC is the uncertainty of SSC, Δ𝑚Y is the uncertainty of m, and ΔV² is the accuracy of 
V². Averages for each location on each day were also calculated with 95% confidence intervals. 
5.2.3 Remote Sensing Analysis 
The third part of the field-based analysis looked for visual evidence of suspended sediment 
transport corresponding to precipitation events and geomorphic evolution in the past 25 years from 
aerial photos and satellite images. Crane Pond Wildlife Management Area (Fig. 1c) was selected 
as the ideal location to look for sediment transport evidence such as sediment plumes after high 
flows at the inlet to the pond, and active delta evolution (Fig. 13). I used 15-min Q data at USGS 
gauge at Byfield and hourly precipitation data from the station at the Lawrence Municipal Airport, 
MA (Fig. 1a). I screened highest flows from available hydrologic data and mined for remote 
sensing data during these periods of high flow. Satellite images with 3 m resolution were available 
starting from March 2016 to present at a frequency of every 2-3 days on Planet.com, and were 
used for finding instantaneous sediment response to high flows. Orthophotographs from 1995 to 
2019, with resolution of 0.5-3 m, are available from MassGIS and USGS. These photographs were 
used to identify delta evolution at the inlet of Crane Pond. The results of this analysis were used 
as another method to determine the pattern of 𝑆𝑆𝐶 variation across field sites. 
5.3 Empirical Approach: Trap Efficiency 
The empirical approach calculated trap efficiency (𝑇𝑒) for each dam. Trap efficiency was first 
linked to the ratio between storage capacity and watershed drainage area (C/W) using an   
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empirically derived curve (Brown, 1943). However, different runoff volumes due to various 
hydrologic characteristics could result in different	𝑇𝑒 for basins with the same C/W. Brune (1953) 
solved this problem using the reservoir storage capacity-inflow ratio (C/I) to predict 𝑇𝑒 and a 
stronger correlation was found. This curve is widely used by many previous studies (e.g., Merritts 
et al., 2011). In this study, I used the same approach to estimate 𝑇𝑒 for the five reservoirs in the 
dammed reach and evaluated capacities of these dams to trap sediments and reduce sediment yield 





,     (15) 
where 𝑄¹º (unit: m3 yr-1) is mean annual inflow and V is storage capacity (unit: m3) estimated 
using Eqn. (16):     
      𝑉 = w»	¼»
X
 ,     (16) 
where Ad is reservoir area (unit: m2) measured from the LiDAR DEM in ArcGIS, and Hd is height 
of the dam (unit: m). Trap efficiency (Te) provided another means to evaluate the impact of dams 
on sediment supply and whether Y quantified from sediment rating curves will change significantly 
without dams. 
6 Results 
6.1 Theoretical Analysis: Suspended Sediment Transport Pattern 
6.1.1 Geomorphic Parameters and Geospatial Analysis 
I analyzed geomorphic parameters (𝜏d, 
½
½¾
, P) at a 100-m interval for the main stem of the 
Parker River watershed. Most 𝜏d values are below 10 Pa, with a few 10-50 Pa occurring at the 
headwalls of dams and steep reaches in the headwater region. Only one 𝜏d value is slightly above 
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50 Pa and occurs at the steep headwall of the Parker River Dam (Fig. 14b, 15). High 𝜏d indicates 
the steep spot in the stream profile and a high stream power to entrain sediments from the river 
bed, while low 𝜏d indicates the opposite. The relatively low 𝜏d values along the Parker River main 
stem indicate the low energy of the channel to move sediments. 
I used two grain sizes, 200 µm (fine sand) and 20 µm (silt), with 𝑤Y of 36.0 mm/s and 0.4 
mm/s, respectively, for the analysis of ½
½¾
 and P. For the whole Parker River main stem, ½
½¾
 values 
for 200 µm and 20 µm are all above 1 (Fig. 16, 17). As ½
½¾
 values evaluate whether 𝜏d values are 
large enough to entrain a certain grain size, the results of ½
½¾
 indicate that 𝜏d values for the main 
stem are large enough to entrain both grain sizes from the bed. For d = 200 µm, P values vary from 
less than 0.8 to more than 2.5. For most stream sections, 200 µm grains move at 50% suspension, 
and at the headwalls of dams and steep spots near the headwater as 100% suspended load and wash 
load, while only around the Crane Pond Wildlife Management area, 200 µm grains move as bed 
load (Fig. 18b, 19). For d = 20 µm, all P values are below 0.8 and thus moved as wash load (Fig. 
20b, 21). Thus, the sediment transport analysis suggests that grain sizes important to the 
construction of downstream saltmarshes (clay-silt sizes, informed by Fig. 1 from Kirwan et al., 
2011) are not trapped along the main stem. 
Despite the capability of the model results to quickly evaluate the sediment transport patterns 
along the whole stream profile, the model overestimates the stream power at the Crane Pond to 
move sediments because the lake environment violates the model assumption that fluvial processes 
are occurring. The variable 𝑤dp  is assumed as functions of A, but the actual 𝑤dp  values at the 
Crane Pond are much wider than empirically predicted values and thus actual values of 𝜏d should 
be smaller than my results. Also, water depths within the pond, which are outside of fluvial channel 
scaling, might be underestimated and S values are essentially zero, and therefore 𝜏d should be   
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Figure 14. The longitudinal profile of the Parker main stem (a). The distribution of basal shear stress (𝜏𝑏) for bankfull discharge 
(𝑄𝑏𝑓) [red point: > 50 Pa; yellow point: 10 - 50 Pa; green point:  < 10 Pa] (b). All 𝜏𝑏 are above 𝜏c (critical shear stress) for 20 µm 
(0.05 Pa) and 200 µm (0.15 Pa). Color shading emphasizes the splitting classes and is consistent with the following figures. The 
¿À

 calculated with central difference (c), 5 points average (d), and 9 points average (e) with positive value as red, negative value 














Figure 15. The distribution of basal shear stress (𝜏𝑏) for bankfull discharge (𝑄𝑏𝑓) [red point: > 50 Pa; yellow point: 10 - 50 Pa; green 










Figure 16. The distribution of Shields parameter ratio (½
½¾










Figure 17. The distribution of Shields parameter ratio (½
½¾












Figure 18. The longitudinal profile of the Parker main stem (a). The distribution of Rouse number (P) for 200 µm grains at bankfull 
discharge (𝑄𝑏𝑓) [red: bed load; yellow: suspended load with 50% suspension; turquoise: suspended load with 100% suspension; 
green: wash load] (b). The change of Rouse number calculated with central difference (c), 5 points average (d), 9 points average 
















Figure 19. The distribution of Rouse number (P) for 200 µm grains at bankfull discharge (𝑄𝑏𝑓) for original profile [red: bed load; 
yellow: suspended load with 50% suspension; light green: suspended load with 100% suspension; green: wash load]. The red 









Figure 20. The longitudinal profile of the Parker main stem (a). The distribution of Rouse number (P) for 20 µm grains at bankfull 
discharge (𝑄𝑏𝑓) [turquoise: suspended load with 100% suspension; green: wash load] (b). The change of Rouse number () 
calculated with central difference (c), 5 points average (d), 9 points average (e) with positive values as blue, negative values as red, 














Figure 21. The distribution of Rouse number (P) for 20 µm grains at bankfull discharge (𝑄𝑏𝑓) for original profile [green: wash 








lower than estimated. I expect that suspended and bedload sediments are trapped in the flat-water 
environment of Crane Pond and surrounding wetlands. 
6.1.2 Downstream Variations of Geomorphic Parameters 
Downstream variations of geomorphic parameters were calculated as central difference, 5 
points average, and 9 points average (Fig. 14, 18, 20 c-e). These variations indicate the potential 
locations of sediment deposition and erosion: negative a}u
ac
 and positive a
ac
 values indicate 
sediment deposition (blue), positivea}u
ac
  and negative a
ac
 values indicate sediment erosion (red), 
little to no change indicates transport (light gray) (Fig. 14, 18, 20 c-e). Averaging over more points 
smooths out fluctuations between positive and negative values over a short distance and dampens 
the amplitudes of fluctuations (Fig. 14, 18, 20 c-e).  
The signals of a}u
ac
 are most substantial at the dammed reach (more intense red and blue in Fig. 
14 c-e), while those of a
ac
 demonstrate more noise over the whole reach (Fig. 18, 20 c-e). The 
pattern of a
ac
 is consistent for the two grain sizes, but the amplitude differs by two orders of 
magnitude (Fig. 18, 20 c-e). The smaller amplitude of a
ac
 indicates less distinguishable change in 
sediment transport modes and a higher chance of overamplifying signs of sediment deposition and 
erosion. Using 9-point averages, the spatial variation (Fig. 22-24) predicts erosion upstream of the 
Parker River Dam, Little River Dam and the River Street dam at the dammed reach, while 
deposition occurs downstream of the Larkin Mill Dam, Little River Dam, and the Main Street Dam. 
These results indicate that sediment trapping might take place in the reservoirs of the Parker River 
Dam and the Larkin Mill Dam.   
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Figure 22. The distribution of the change of basal shear stress (¿À

) for bankfull discharge (𝑄𝑏𝑓) [red point: positive change 
indicating erosional; beige point: no change; blue point: negative change indicating depositional]. The red rectangular is 









Figure 23. The distribution of Rouse number change (

) for 200 µm grains at bankfull discharge (QÁ¢) [red: negative change - 











Figure 24. The distribution of Rouse number change (

) for 20 µm grains at bankfull discharge (𝑄𝑏𝑓) [red: negative change - 










6.1.3 Comparison of Shear Stress Change between the Dammed and Undammed Scenarios 
I developed a longitudinal profile with the dams removed to calculate geomorphic parameters 
(Fig. 25 a). Since the general patterns of geomorphic parameters are relatively consistent, I used 
the 9-point average a}u
ac
 to compare the dammed and undammed scenarios. Over the dammed reach, 
the predicted patterns of erosion and deposition are consistent between the two scenarios (Fig. 25 
b-c). Thus, removing the dams would not significantly change the sediment transport pattern. Even 
though erosion might occur over a wider range at the Parker River Dam site after dam removals, 
deposition is predicted downstream of the first dam and thus any sediments eroded might not be 
transported much farther downstream. 
6.2 Field-based and Remote Sensing Analysis: Observations of Hydrology and Sediment 
Transport 
6.2.1 Suspended Sediment Yield 
Suspended sediment rating curves were calibrated at two locations: Central Street, Newbury, 
MA (LTER) and the USGS gage at Byfield, MA (Fig. 26). Both regressions are statistically 
significant with P-values smaller than 0.05 (Fig. 26). The LTER curve (R2=0.853) has a stronger 
correlation between Q  and Qa  than the USGS curve (R2=0.797), most likely because it is 
constrained by more observations. The USGS curve is slightly steeper than the LTER curve with 
similar y-intercepts (Fig. 26). The difference between the two rating curves is not statistically 
significant because the confidence intervals for the two curves overlap, suggesting that the 
transport capacity of the basin is not significantly different at these two locations.  
The values of 𝑄Y and Y were calculated using these two sediment rating curves for each water year 
from 1947 to 2017 (Fig. 27-28). The average 𝑄Y is 120.3 Mg yr-1 at the USGS gage and 61.0   
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Figure 25. The longitudinal profile of the Parker main stem (blue) and its simulated undammed scenario (orange) (a). Change in 
shear stress (¿À

) is identified throughout the longitudinal profile with positive values as red and negative values as blue for 
undammed (b) and dammed (c) scenarios. 






































































Figure 26. Suspended sediment rating curves at the Parker River Dam (LTER, blue) and USGS gage (modified from Nadeau, 2010, 
orange) are used for suspended sediment discharge estimate. Reference lines indicate the bankfull discharge at the USGS gage 
(light orange, 4.6 m3 s-1) and the LTER site (light blue, 5.5 m3 s-1). 
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Figure 27. Sediment load at USGS gauge (orange dotty line) and Parker River Dam (LTER, blue dotty line) for each water year 
from 1947 to 2017. The average Qs is 120.3 Mg yr-1 at USGS gage (orange line) and 61.0 Mg yr-1 at LTER site (blue line). Grey 
banding is indicating the 95 % confidence interval for the average calculation. 































Figure 28. Sediment yield at USGS gauge (orange dotty line) and Parker River Dam (LTER, blue dotty line) for each water year 
from 1947 to 2017. The average Y is 2.3 Mg km-2 yr-1 at USGS gage (orange line) and 1.0 Mg km-2 yr-1 at LTER site (blue line). 
Grey banding is indicating the 95% confidence interval for the average calculation.  
 
  








































Mg yr-1 at the Parker River Dam. The average Y is 2.3 Mg	kmQXyrQR at the USGS gage and 1.0 
Mg	kmQXyrQR  at the Parker River Dam. Higher 𝑄Y  and Y at the USGS gage could indicate 
deposition between the USGS gage and the Parker River dam, but these results are not significantly 
different from each other based on the available data. The values of 𝑄Y and Y at the LTER site are 
more robust estimate because of the number of observations and the range of 𝑄 conditions at 
which the SSC samples were taken. 
Nadeau (2010) measured 400 Mg of sediment passing through at the USGS gage from 2008 to 
2010. Transferring this value into Y is equivalent to about 3.7 Mg	kmQXyrQR. This value is larger 
than my average Y at the USGS gage (2.3 Mg	kmQXyrQR). The overall Y estimated by Hopkinson 
et al. (2018) for the Ipswich and Parker Rivers (3.1 Mg	kmQXyrQR; Hopkinson et al, 2018) is also 
higher than my estimates. The values of Y calculated in Ames (2018) are 36.8 Mg	kmQXyrQR for 
glaciated basins and 50.5 Mg	kmQXyrQR for unglaciated basins in northeastern US. The values of 
Y at the two Parker River sites are about 1-2 orders smaller than the average in northeastern US. 
Thus, the sediment delivery capability of the fluvial portion of the Parker River is small. 
6.2.2 SSC Spatial Pattern Analysis 
Field suspended sediment data were collected at six sites (Fig. 1c) on two separate dates: 
October 26th, 2018 and May 14th, 2019. October 26th, 2018 was a sunny day with a temperature of 
2-6 ℃.	The value of 𝑄a was 0.40 m3 s-1 at the USGS gage, representing a base flow condition (RI 
= 0.70 year) of the Parker River. For a sample size of 250 mL, 𝑚aY , 𝑚Y  and SSC values are 
relatively consistent over all sites with little visible variations (Fig. 29). All values are not 
significantly different from zero. SSC at all locations were also similar to the blank sample, DI 
water. The slight decrease from 𝑚aY to 𝑚Y indicates that even if there were anything in the water   
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Figure 29. Dry sediment mass (𝑚𝑑𝑠, upper panel, orange dots), post-LOI sediment mass (𝑚𝑠, middle panel, olive dots), and 
suspended sediment concentration (SSC, lower panel, brown dots) measured and calculated from a 250-mL water sample collected 
in 1-L bottles at the Parker River at Parker River Dam, Larkin Road, River Street, Newbury, MA, Thurlow Street, Georgetown, 
MA, Wheeler Brook at Larkin Road, Georgetown, MA, and USGS gage at Byfield, MA on October 26th, 2018. DI water was used 
as a blank reference. Yellow bandings indicate the uncertainty calculated from the accuracy of the measurement (±	2 mg for 𝑚𝑑𝑠,	
and	ms	and	±7	mg/L	for	SSC) and gray bandings indicate the 95% confidence intervals for the average of three samples at each 















































































































































































sample, it must be organic material. These results indicate that the base flow of the Parker River 
carries little to no suspended sediment for all six sites I sampled. 
May 14th, 2019 had light rain with a temperature at 5-6 ℃.	The value of 𝑄a is	1.68	m3 s-1 at 
the USGS gage,	 representing	an	0.89-year	 event	 flow	condition	of	 the	Parker	River.	For a 
sample of 250 mL, 𝑚Y values are smaller than 𝑚aY, indicating that most of the suspended material 
were organic (Fig. 30). Only the samples at the Parker River Dam and Wheeler Brook have values 
above zero (Fig. 30). Other samples have comparable values to the blank samples. These results 
indicate that the 0.89-year event flow on May 14th, 2019 did not carry much sediment at most 
sample locations.  
In general, both sets of field data indicate a low suspended sediment load carried by the Parker 
River. Because the values are too small and not significantly different from zero, I cannot make 
any inferences about spatial variations in SSC. The limited change from the base flow to the event 
flow conditions indicate that the watershed might have limited sediment sources to start with. The 
change in RI is very small between the selected base flow and event flow conditions. Also, 𝑄a on 
both days were much smaller than Qbf at the USGS gage (~4.6 m3 s-1). Sampling on a higher-flow 
day might reveal more substantial variations in SSC.  
6.2.3 Remote Sensing Data Analysis 
I used combination of 𝑄 data, precipitation data, and satellite images to look for evidence of 
sedimentation at the Crane Pond WMA. Between 2016 and 2018, only three high discharge events 
had Q > Qbf at the USGS gage (~4.6 m3 s-1). Cloud-free satellite images from Planet.com were 
identified for these three events (Fig. 31-33). The values of Q are 7.362 m3 s-1 (RI = 2.53 years) 
during the event between March 28th to April 17th, 2017, 4.927 m3 s-1 (RI = 1.62 years) during the 
event between April 16th to April 25th, 2018, and 6.513 m3 s-1 (RI = 2.17 years) during the event   
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Figure 30. Dry sediment mass (𝑚𝑑𝑠, upper panel, orange dots), post-LOI sediment mass (𝑚𝑠, middle panel, olive dots), and 
suspended sediment concentration (SSC, lower panel, brown dots) measured and calculated from a 250-mL water sample collected 
in 1-L bottles at Parker River at the Parker River Dam, Larkin Road, River Street, Newbury, MA, Thurlow Street, Georgetown, 
MA, Wheeler Brook at Larkin Road, Georgetown, MA, and USGS gage at Byfield, MA on May 14th, 2019. DI water was used as 
a blank reference. Yellow bandings indicate the uncertainty calculated from the accuracy of the measurement (±0.2 mg for 𝑚𝑑𝑠	
and	ms,	and	±0.7	mg/L	for	SSC) and gray bandings indicate the 95% confidence intervals for the average of three samples at each 












































































































































































Figure 31. (a) High discharge event between March 28th, 2017 to April 17th, 2017 at Parker River. Orange dots are 15-min 
discharges (Q15-min) measured at the USGS gauge, Byfield, MA with the peak discharge (Qpeak) at 7.362 m3/s (RI=2.52 years). Blue 
bars are precipitations measured at Lawrence Municipal Airport, MA. Grey lines annotated the time with available satellite images 
from Planet.com. (b) (c) satellite images from Planet.com. Ice cover (red rectangle) presented on Crane Pond on March 30th, 2017 
and the inlet is indicated (red arrow) (b). 





























































































Figure 32. (a) High discharge event between April 16th, 2018 to April 25th, 2018 at Parker River. Orange dots are 15-min discharges 
(Q15-min) measured at the USGS gauge, Byfield, MA with the peak discharge (Qpeak) at 4.927 m3/s (RI=1.62 years). Blue bars are 
precipitations measured at Lawrence Municipal Airport, MA. Grey lines annotated the time with available satellite images from 
Planet.com. (b) satellite images from Planet.com with the inlet location indicated (red arrow). 
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Figure 33. (a) Three consecutive high discharge events between November 4th, 2018 to December 9th, 2018 at Parker River. Orange 
dots are 15-min discharges (Q15-min) measured at the USGS gauge, Byfield, MA with the peak discharge (Qpeak) at 6.513 m3/s 
(RI=2.17 years). Blue bars are precipitations measured at Lawrence Municipal Airport, MA. Grey lines annotated the time with 
available satellite images from Planet.com. (b-g) satellite images from Planet.com with the inlet location indicated (red arrow). 
 
  







































































































































between November 4th to December 4th, 2018. From satellite images for all three events, no visual 
evidence of a suspended sediment plume is found following the high event flow. This observation 
indicates three possibilities. (1) The basin upstream of the Crane Pond is sediment starved and thus 
leaves no available sediments to be transported during high flows. (2) The stream profile upstream 
of the Crane Pond provides lots of opportunities for sediment deposition and thus traps any eroded 
sediments before they reach the Crane Pond. (3) The SSCs during the events are too low to be 
visible in the satellite images. Orthophotographs from 1995 to 2018 show little evidence of growth 
of the inlet delta in Crane Pond (Fig. 34). Lack of delta change indicates that the sediment sources 
from the upstream basin during this period were not sufficient to cause delta progradation.  
6.3 Empirical Analysis: Trap Efficiency 
Two sets of Te were calculated using different reservoir areas. One set determined reservoir 
areas using the same reservoir extent as in the theoretical analysis (Fig. 25a) and the LiDAR DEM 
(Fig. 35). All derived C/I values are less than 0.001, and thus Te values fall outside the range of 
Brune’s (1953) curves (Table 5, Fig. 36). Another set determined reservoir areas using the 
reservoir polygons in the USGS 25k water bodies (Fig. 37). Only the C/I value for the Parker River 
Dam is larger than 0.001 and the corresponding Te is 6.3% (Table 6, Fig. 36). These results suggest 
that most dams are not trapping any sediments. The Parker River Dam might be the only exception 
but the trapping capability is still minimal. 
7 Discussion 
7.1  Are Dams Trapping Sediment and therefore Reducing Sediment Load to the Estuary? 
The results of this study suggest that dams on the Parker River main stem are not trapping 
sediment. The modeled variations in P and 𝜏d indicate that the regions immediately downstream   
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Figure 34. Aerial photos of Crane Pond from 1990s to 2018 signaling little to no delta evolution (MassGIS, 2019) with the inlet 







Figure 35. The reservoir area (A, red line) and reservoir extent (red dots) determined by the slope jump in the minimum profile. 
Figure 37: The reservoir area (A, red line) and reservoir extent (red dots)






Figure 36. The corresponding trap efficiency (Te) for each dam given capacity-inflow ratio (C/I) (modified by Verstraeten and 
Poesen, 2000 from Brune, 1953). The red triangle with number one inside denotes the trap efficiency and capacity-inflow (C/I) 
ratio for the Parker River Dam, Newbury, MA when the reservoir area is determined using the reservoir polygons in the USGS 25k 
water bodies. All reservoir areas determined using LiDAR DEM and other reservoir areas from USGS 25k water bodies are not 






Figure 37. The reservoir area (A, red line) determined by reservoir polygons in USGS 25k water bodies. 
  
Figure 38: The reservoir area (A, red line) determined by reservoir






Table E. The calculation for the empirical analysis based on the reservoir areas determined by the interpolated minimum slope 
profile. 
  











flow (m3) C/I Te (%) 
Parker River 
Dam 17079.5 3.0 25619.2 62 39651492.7 6.46E-04 NA 
Larkin Mill 
Dam 9237.8 1.6 7390.3 53 33895630.9 2.18E-04 NA 
Little River 
Dam 2394.9 2.8 3352.9 52.8 33767722.9 9.93E-05 NA 
Main Street 2776.1 1.4 1873.9 52.3 33447952.7 5.60E-05 NA 
River Street 7129.5 1.0 3564.8 52.1 33320044.7 1.07E-04 NA 
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(m3) C/I Te (%) 
Parker River 
Dam 33694.1 3.0 50541.1 62 39651492.7 1.27E-03 6.3% 
Larkin Mill 
Dam 12119.5 1.6 9695.6 53 33895630.9 2.86E-04 NA 
Little River 
Dam 6086.0 2.8 8520.4 52.8 33767722.9 2.52E-04 NA 
Main Street 11026.8 1.4 7443.1 52.3 33447952.7 2.23E-04 NA 
River Street 13947.0 1.0 6973.5 52.1 33320044.7 2.09E-04 NA 
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of a dam headwall could serve as potential locations for sediment deposition (Fig. 14, 18, 20), but 
silt size or smaller particles are too small to be trapped given the calculated 𝜏d from the stream 
profile. As indicated by the P values for 20 µm grains, silt size or smaller particles will be 
transported downstream as wash load (Fig. 21) and thus the variation of P and 𝜏d will not lead to 
sediment trapping. Sand-sized sediments are more likely to be trapped in the reservoirs as the P 
values for 200 µm grains indicates a section of 50% suspended load between the Parker River dam 
and the Larkin Mill Dam (Fig. 19). Positive a
ac
 and negative a}u
ac
 downstream of the Larkin Mill 
dam could lead to the trapping of sand-sized sediments in the reservoir of the first dam (Fig. 14, 
18). However, the grain sizes that build up downstream marshes are mud to silt sizes (e.g., Vinagre 
et al., 2008; Kirwan et al., 2011), which is better represented by the analysis for 20 µm grains (Fig. 
20, 21, 24). Thus, based on the results of the longitudinal profile analysis, dams do not appear to 
be trapping the grain sizes of most concern. 
If the dams are not trapping much sediment, then removing them from the profile will not 
release much historically trapped sediments to the downstream estuary. Furthermore, if the 
removal of dams causes little change to the stream profile, then it will also have little effect on 
improving the future sediment delivery. The values of a}u
ac
 remain in a similar pattern for the 
undammed scenario as that of the original profile (Fig. 25), because most of the dams were built 
on natural knickpoints along the stream profile. Thus, dam removal is not likely to change the 
sediment transport pattern of the main stem and increase the sediment transport to the estuary. 
 Field analysis also supports the findings from the theoretical analysis. The average values of 
𝑄Y and Y decrease from the USGS gaging station (120.3 Mg yr-1, 2.3 Mg	kmQXyrQR) to Parker 
River Dam (61 Mg yr-1, 1.0 Mg	kmQXyrQR), indicating that sediment trapping might take place in 
the reservoir of the Parker River dam (Fig. 27-28). However, the sediment rating curves of these 
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two locations are not significantly different (Fig. 26) and thus the calculated 𝑄Y and Y are also not 
significantly different from each other. Also, SSC measurements collected in the dammed reach 
indicate little variation of SSC on base and event flow days (Fig. 29, 30). Thus, the evidence of the 
field analysis suggests little impact of dams on sediment availability downstream.  
Except for the Parker River dam, none of the dams studied have a positive Te, which indicates 
that these dams do not trap sediments. The result at the Larkin Mill Dam is consistent with a 
previous study. Using the model from Wade (2008), Nadeau (2010) estimated a net erosion rather 
than deposition between 2008 and 2010 at the Larkin Mill Dam. In that study, cross sections 
directly upstream of the I-95 bridge abutments and at Larkin Mill Dam did show net sediment 
deposition, most cross-sections across the impoundment showed net erosion, resulting a negative 
change (-69 Mg) in storage from 2008 to 2010 (Nadeau, 2010). One of the two reservoir area 
estimates derived a positive, but small Te value (Table 6). Thus, the trapping capacity of the Parker 
River Dam is also limited and removing this dam will most likely not increase sediment delivery 
to the estuary. 
Despite the strong evidence suggesting little to no impact of dams on sediment budget 
downstream, limitations still exist. The theoretical modeling and trap efficiency calculations only 
consider the active channel and reservoirs. It is possible that dams raise the water level and increase 
the frequency of overbank sedimentation. A more detailed hydraulic model (e.g., HEC-RAS in 
Wade, 2008) or more SSC observations during high flow events might better address the sediment 
transport pattern at these locations, but both are beyond the scope of this project. In the Wade 
(2008) study at the Larkin Mill Dam, a different n was used for the overbank areas (0.1), but the 
value was uncalibrated because the water level rarely reached overbanks. Using the model of Wade 
(2008), Nadeau (2010) found good correspondence in overbank areas and the general channel 
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shape in the majority of cross sections between 2008 and 2010. The results of these hydraulic 
models indicate that overbank sedimentation might play a limited role at the Larkin Mill Dam site.  
7.2 What Portion of the Watershed can Contribute Sediments to the Estuary? 
This study suggests that only a small portion of the watershed could contribute sediments to 
the estuary. In the drainage basin upstream of the Crane Pond, sediments need to pass through the 
Crane Pond to reach farther downstream. Thus, I separate the watershed into two portions to 
discuss their contributions to downstream sediment budget: the drainage basin upstream of the 
Crane Pond (39.6 km2, 62.3%) and the drainage basin of the dammed reach (23.9 km2, 37.7%). 
Sediments from the basin upstream of the Crane Pond are unlikely to contribute to the estuary. 
The Crane Pond can serve as an effective sediment sink. The values of P for 200 µm grains are 
highest around Crane Pond, where sediment transport mode switch from 50% suspension to bed 
load (Fig. 18, 19). As a result, sand-sized sediments are unlikely to pass through the Crane Pond. 
The P values for 20 µm indicates that silt-sized grains will be transported as wash load throughout 
(Fig. 20, 21). However, the values of P are likely underestimated at the Crane Pond because the 
model assumption of a fluvial channel scaling underestimates the actual depth and ω of the pond 
and thus overestimates τÁ. 
Remote sensing analysis provides little evidence for active sediment transport into Crane Pond. 
No visible sediment plumes exist on satellite images in the Crane Pond during high flow events, 
and the delta of the Crane Pond has remained essentially the same over the past two decades based 
on the orthophotographs (Fig. 31-34). The range of SSC (on the order of 1-10 mg/L) that I looked 
to identify are small values compared to other regions. It is possible that these values are too small 
to cause visible variations in orthophotographs. For the paired examples in Zhang et al. (2020) 
where the sole influence of SSC was interpreted to be river discharge, the spatial variations of SSC 
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predicted from spectral remote-sensing reflectance in the PIS were not visible from unprocessed 
Landsat images (Fig. 38). This lack of evidence for sediment input to the Crane Pond could 
indicates that the upstream watershed is either starved of sediments to be transported, or has many 
other locations of sediment deposition, but it is also likely that more sophisticated analysis of 
remote sensing data (e.g., Zhang et al., 2020) is necessary to identify these changes. 
The watershed downstream of Crane Pond, including the dammed reach, also has limited 
sediment supply. The SSC values for the sites in this portion of the watershed are not significantly 
different from that for DI water on both base flow and event flow days (Fig. 29, 30). The Y at the 
Parker River Dam, Newbury, MA (1.0 Mg	kmQX	yrQR) is also lower than the numbers reported in 
past compilations. The global average is 120 Mg	kmQXyrQR (Syviski et al., 2005) with a range of 
5 - 1,460 Mg	kmQXyrQR  (Lane et al., 2005). The average Y in the northeastern US is 36.8 
Mg	kmQXyrQRfor glaciated basins with an error range (one standard deviation) of 9.98 to 136 
Mg	kmQXyrQRand the smallest Y recorded is 1.7 Mg	kmQXyrQR  at the McDonalds Branch, NJ 
(Ames, 2018). The Y value at the Parker River Dam is 3 orders smaller than the global average, 
and 1-2 order smaller than the northeastern average. Thus, the Parker River watershed is 
undoubtedly sediment starved. 
The Y value is also smaller than previous estimates in the study area: 3.7 Mg	kmQXyrQR at the 
Larkin Mill Dam (Nadeau, 2010) and 3.1 Mg	kmQXyrQR  for both Ipswich and Parker River 
watersheds (Hopkinson et al., 2018). The Y values reported in Nadeau (2010) and Hopkinson et al. 
(2018) were both calculated based on the discharge conditions in the 21st century, while my value 
is an average over the past 82 years (1947-2018). Hopkinson et al. (2018) reported that the average 
discharge during the 8-year SSC record (2007-2014) was approximately 10% higher than the 
USGS 80-year average. Indeed, the average Y for water year 2007-2014 (1.100 Mg	kmQXyrQR) is   
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Figure 38. The Landsat Scenes in 1-2-3 [Blue-Green-Red] of Plum Island Sound (PIS) on March 18th, 2014 (SSC = 1.72 mg/L) 





about 12% higher than the 82-year average, and the average Y for water years 2009-2010 (1.478 
Mg	kmQXyrQR) is about 50% higher. Thus, the shifting baseline of 𝑄a condition could contribute 
to a part of the gap between values in previous literature and this study.   
In addition, the Y calculated in Nadeau (2010) is also based on the less-robust sediment rating 
curve at the USGS gage (orange line, Fig. 26). Thus, the Y value of Nadeau (2010) is comparable 
to the average Y of water year 2009-2010 estimated using the USGS sediment rating curve (3.6 
Mg	kmQXyrQR). To better understand the sediment contribution of the dammed reach, developing 
a robust estimate of 𝑄Y and Y at the USGS gage site would be useful. The change of the 𝑄Y and Y 
from the USGS gauge to Parker River Dam could help evaluate whether Wheeler Brook can serve 
as an important sediment source and whether the Parker River Dam is a sediment sink (Fig. 1c).  
The Parker and Ipswich River watersheds together have a 𝑄Y of 3210 Mg	yrQR and a Y of 3.1 
Mg	kmQXyrQR  between 2007-2014 (Hopkinson et al., 2018), while the upland Parker River 
watershed defined in this study (63.5 km2) has a 𝑄Y of 68.2 Mg	yrQR	and a Y of 1.1 Mg	kmQXyrQR 
between 2007-2014. The difference between the 𝑄Y and Y values reported in this study and the 
Hopkinson et al. (2018) study may be a result of differences in calculation methods and datasets. 
It is not entirely clear how Hopkinson et al. (2018) calculated Qs and Y, but several possibilities 
can be postulated. First, the difference in watershed extent could lead to this slight variance in Y. 
The calculations of Hopkinson et al. (2018) included the whole Parker and Ipswich River 
watersheds, including the tidal portions, while the watershed defined in this study is much smaller 
only upstream of the Parker River Dam. Second, using different discharge data for sediment 
discharge calculation could result in different values. I used Qd for my calculation of Qs, but it is 
possible that Hopkinson et al. (2018) used instantaneous discharge (Q15-min) which would likely 
yield a higher value of Qs as Qd often dampens the peak represented in Q15-min. Third, it could also 
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reflect discharge data from a different period, as noted above. Regardless of the reason behind the 
differences in Qs and Y, these two sets of values are both low and thus reflect the limited sediment 
production of the watersheds.  
Additional work might shed more light on variations in sediment transport within the 
watershed. The sediment transport pattern in the theoretical analysis assumes bankfull discharge, 
and thus to analyze the spatial patterns of SSC, samples with 𝑄a > 𝑄dp  would provide best 
validations to the model results. This study only has 11 LTER data points of SSC at the Parker 
River Dam with a 𝑄a > 𝑄dp. The LTER dataset contains SSC data from 0.1 to 39.8 mg/L and 𝑄a 
with RI of 0.65 to 7.9 years. The log regression of SSC and Qd yielded a negative slope (Fig. 39). 
For data points with 𝑄a > 𝑄dp	(5.5	𝑚P𝑠QR, 𝑅𝐼 > 1.53)	(𝑛 = 11), SSCs range between 0.68 to 
4.6 mg/L (Fig. 40). For four highest SSCs (11.4 - 39.8 mg/L), 𝑄a ranges between 0.009 (RI = 0.65) 
and 1.9 m3 s-1 (RI = 0.93 years) (Fig. 39). Thus, existing datasets imply that SSCs stay low and do 
not vary much (mostly within 1~10 mg/L) despite the variations of Qd over ~4 orders. Thus, Qs 
and Y calculated from the sediment rating curve of this dataset are not what one would expect. The 
negative correlation indicates that increasing discharge is probably diluting a relatively constant 
sediment inputs from the watershed and thus the landscape is sediment starved. Close 
examinations of the hydrograph, seasonality, and land use changes of individual cases with high 
SSC could potentially provide more understanding of what factors are contributing to the high SSC 
events (SSC > 10.0 mg/L, Fig. 39) that occur despite a relatively low discharge.  
7.3 Sediment Sources to the PIS Estuary 
Evaluating potential sediment sources for the estuary is critical to model the resilience of 
marshes under SLR. For the PIS estuary, the threshold rate of SLR is predicted to be at 5 mm	yrQR, 
given an SSC of 3 mg/L and a tidal range of 3 m (Kirwan et al., 2010). With the current acceleration   
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Figure 39. The relationship between SSC and Qd at the Parker River Dam (LTER site). The blue line indicates the log-regression 
relationship between the two variables and the grey band shows the 95% confidence interval. The light blue reference line indicates 
the bankfull discharge (vertical, 5.5 m3/s) and the splitting line for the highest four SSCs (horizontal, 10 mg/L) at Parker River 
Dam. 
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of SLR, the drowning of the marsh is expected to happen in less than 30-40 years (Kirwan et al., 
2010). The threshold rate of SLR can increase to more than 20 mm	yrQR with an order increase in 
SSC (30 mg/L) in the PIS estuary (Kirwan et al., 2010). The resulting resilience of marshes could 
postpone the drowning for at least about a century as the SLR rate is projected to reach 20 
mm	yrQR earliest around 2100 (Fig. 7, 8). Thus, finding additional sediment sources to the estuary 
is critical for the resilience of marshes against SLR. 
The sediment loads from the Parker and Ipswich River watersheds are considered to be an 
important sediment source to the PIS system, accounting for about 10% of total sediment load 
needed to maintain marsh accretion (Hopkinson et al., 2018). However, in contrast with McCusker 
and Daniels (2008) who estimated a total yearly sedimentation rate of five dams in Connecticut to 
be 7664 mP	yrQR,  the dams in the Parker River watershed are hardly trapping sediments and might 
even be sediment sources, as indicated by Nadeau (2010). These outcomes might not be a result 
of the size of the watershed, but rather a result of the low sediment availability of the watershed 
and the lack of effectiveness of the stream profile for eroding and transporting sediments. The 
Parker River watershed has average 𝑄Y  (61.0 Mg	yrQR ) and Y (1.0 Mg	kmQXyrQR ) that are 
significantly below the average in the northeastern US (36.8 Mg	yrQR𝑘𝑚QX; Ames, 2018) and the 
overall 𝑄Y  (3210 Mg	yrQR ) and 𝑌  (3.1 Mg	kmQXyrQR ) for the Ipswich and Parker Rivers 
(Hopkinson et al., 2018). Also, the difference in topographic environment can impact the 
effectiveness of the hillslope and fluvial processes to erode sediments. In the Willis and Griggs 
(2003) study, the steep topography of the small coastal drainages in California prime the 
exceptionally high sediment loads, which are reduced by 25% by over 500 dams on these drainages.  
Kirwan et al. (2011) suggested a 6 to 9 km2 wetland expansion in the PIS during the European 
settlement due to the land clearing in the Rowley watershed (Fig. 1b) and argued for the capacity 
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of the watershed to provide substantial amount of sediments (SSC ~ 10 mg/L) allowing marsh 
expansion. The platform evolution model indicates that marshes can expand quickly (<100 years) 
with increasing sediment supply (from ~1 mg/L to ~10 mg/L) and maintain a metastable 
equilibrium despite sediment supply reduction (from ~10 mg/L to ~1 mg/L) (Kirwan, et al. 2011). 
Thus, a short-term increase in fluvial sediment supply during past land-clearing might also exist 
for the Parker River watershed and legacy sediments could have been stored behind dams. 
The surficial geology categories in the Rowley River watershed are the same as those in the 
Parker River watershed, but the proportions of each type are different (Table 2; Fig. 3). Both 
watersheds have a significant portion of sand and gravel deposits, but the dominant geologic unit 
in the Parker River watershed is till or bedrock (Table 2), which does not provide much sediment 
for erosion and transport. In the Rowley River watershed, fine-grained deposits (10%) and 
floodplain alluvium (22%) are also much more available than those of the Parker River watershed 
(a total of 10%, Table 1). Thus, this difference in surficial geology could lead to a difference in 
sediment availability of the watersheds. 
Also, the Parker River watershed as defined in this study only incorporates the part that 
transport sediments purely through hillslope and fluvial processes. In contrast, the Rowley River 
watershed analysis in the Kirwan et al. (2011) study included the entire watershed with both fluvial 
and tidal portions. Zhang et al. (2020) suggested that water level and tidal flow are the two 
dominant factors controlling SSC in the PIS: water level explains 34% of overall SSC variations 
and 60% of variation during tidal ebb, while tidal flow explains 19% of variations during tidal 
flood and 49% of variations when water levels are low during tidal flood. Thus, it is possible that 
the historically elevated sediment transport in the Rowley River was a result of the synergy 
between tidal processes and land clearing.  
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Despite the difference between the two watersheds and the scope of two studies, the results of 
Kirwan et al. (2011) remain debatable (Priestas et al., 2012) and field observations also suggest 
visible marsh degradation under large reductions in sediment supply (e.g., Cahoon et al., 1995; 
Kearney et al., 2002; Yang et al., 2005). It is possible that land clearing never boosted Y of the 
Rowley watershed during the European period and the present-day marsh extent has existed since 
early 1700s. If this was also true for the Parker River watershed, little legacy sediment could be 
found behind the old mill dams in the dammed reach. For the several field sites of this study in the 
dammed reach, no evidence for legacy sediment storage was found adjacent to the channel. Thus, 
removing dams will likely not release past sediments to the marsh. 
The fluvial contribution to the sediment budget in the PIS estuary only represents one piece of 
information within the whole story. The 𝑄 of the Parker River can only explain 19% of SSC 
variations within the marsh (Zhang et al., 2020). Fluvial sediment loads together comprise only 
10% of total sediment needed for marsh accretion in PIS estuary under 2.8 mm	yrQR of SLR, while 
erosion of marsh shoreline comprises 29% (Hopkinson et al., 2018). Given that the PIS estuary 
has accreted at rates comparable to SLR in past decades, the contribution from the ocean and tidal 
flats are much more important factor in the marsh accretionary sediment budget system, making 
up about 61% of total sediment needed (Hopkinson et al., 2018). 
The Merrimack River is a likely source of oceanic sediments. It is the fourth largest river by 
drainage area in New England and enters the western Gulf of Maine north of the Plum Island. The 
formation of Plum Island was linked to the reworking of the lowstand deposits from Paleo-
Merrimack River (e.g., Hein et al., 2012). The abundant sand supply from the Merrimack River 
and the longshore currents gradually built sand landward and southward (e.g., McIntire and 
Morgan, 1962; Hein et al., 2012). Modelling the wetland-estuarine-shelf interaction processes in 
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the PIS and Merrimack River system, Zhao et al. (2010) predicted a complex recirculation loop 
around the Merrimack River, shelf, and Parker River. Conducting a Langrangian neutral-buoyant 
particle-tracking experiment using their model of river-estuarine-shelf system, particles released 
at maximum flood tide in the Merrimack River during both spring and neap tidal cycles followed 
the main trajectory flowing onto the shelf and then turned clockwise to flow southward (Zhao et 
al., 2010). In most modelled conditions, more than 10% of the modelled particles (n=50) would 
enter PIS and sediment transport from Merrimack to PIS is most effective under spring tide without 
wind forcing (See Fig. 9 from Zhao et al., 2010). Clues for this recirculation can be found on the 
Landsat orthophotograph of the PIS and Merrimack River mouth after Hurricane Irene on 
September 2nd, 2011: an evident suspended sediment plume came out of the Merrimack River and 
curved down south towards the PIS (Fig. 40). Based on the sediment rating curve and 𝑄a during 
Hurricane Irene, the sediment load for the watershed upstream USGS gage at Lowell, MA (USGS 
01100000) was about 1000 Mg/d at the peak of this event (Fig. 41). Thus, a conservative estimate 
of 10 Mg/d of sediments could be delivered from Merrimack River to the PIS system during this 
event. 
Finally, although SLR threatens the resilience of marshes, climate change might increase the 
SSC in the PIS in an unexpected way. As the intensity and frequency of extreme precipitation 
continues to increase (Easterling et al., 2000), the Gulf of Maine might expect more Nor’easter 
storms. The consequential river flooding and strong northeast wind might raise SSC within the 
estuary to a level that is critical for marsh accretion (~10 mg/L; Kirwan et al., 2011). For a river 
flood on April 3, 2014 with a river discharge of 6.17 m3/s (RI = 2 years), the SSC in PIS was 4-5 
times larger (9.87 mg/L vs. 1.72 mg/L) when compared to a river discharge of 1.83 m3/s (Zhang 
et al., 2020; Fig. 38). Based on the SSC data collected at the LTER site, SSCs during high flow   
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Figure 40. The Landsat Scenes in band 1-2-3 [Blue-Green-Red] of Plum Island Sound and Merrimack River mouth on September 
2nd, 2011 (after Hurricane Irene) (Earth Explorer, 2020). 
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Figure 41. The sediment rating curve for the USGS gage at Lowell, MA (USGS 01100000) on the Merrimack River. Light blue 
lines indicate the Qd during Hurricane Irene (882 m3/s) and its corresponding Qsd (1069 Mg/d) estimated from this curve. 
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events (> 5 m3/s; RI > 1.64 years) remain small (an average of 1.96 mg/L with a range of 0.68 - 
4.6 mg/L). Though high SSCs (> 10 mg/L) were recorded, they were mostly recorded during a 
base flow condition (an average of 0.81 m3/s [RI = 0.75 years] with a range of 0.0094 - 1.89 m3/s). 
Thus, the increase in SSC observed by Zhang et al. (2020) during a high flow may be a result of 
turbulent fluxes remobilizing sediments within the marsh rather than a result of the watershed 
delivering sediments. Also, strong northeast wind during the storm of March 26th, 2018 triggered 
sediment resuspension along the shoreline and in the bay, doubling the SSC (4.08 mg/L vs. 1.82 
mg/L) when comparing to a similar condition with northwest wind (Zhang et al., 2020). It is 
unclear whether a strong northeast wind would further aid sediment transport through the 
Merrimack-shelf-PIS recirculation loop, and it is worthwhile for future study to explore the 
interaction of high river discharge, strong northeast wind, and the recirculation loop of the riverine-
estuarine-shelf system to better understand the influence of climate change on the sediment 
budgets of the watershed. 
7.4 Insights on Management 
As part of the Parker River/Essex Bay ACEC, the PIS estuary attracts management interests 
from different stakeholders to maintain its marsh extent under the influence of various 
anthropogenic factors. Concerns over the impacts of climate change, SLR, and human-made 
structures are mounting overtime, and management practices such as dam removal are proposed 
(e.g., Schottland et al., 2017; Kelder, 2018; DER, 2020). However, these assessments only focus 
on the ecological impacts (mostly concerning fish passage) and infrastructure failure risks of the 
dams (e.g., Schottland et al., 2017; Kelder, 2018; DER, 2020), ignoring their potential roles in 
trapping past and current sediments that could be used for marsh accretion. The results of my study 
reveal that removing dams on the Parker River would lead to limited change in the sediment budget 
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of the downstream marsh. The methods used in this study can be systemized and integrated into 
the existing Restoration Potential Model Tool, that evaluates the relative ecological benefits of 
dams in Massachusetts (DER, 2020). 
Furthermore, the results of this study reveal a need to assess the management efforts against 
climate change and SLR from a more holistic scope of the whole riverine-estuarine-shelf system. 
As a big portion of marsh sediment supply comes from the marsh shoreline along the main 
channels of the estuary, the shelf and the Merrimack River, management practices along the 
shoreline and within the Merrimack River watershed can also impact the long-term sustainability 
of the PIS estuary. The interests in armoring shoreline with either living shorelines or hard 
stabilization structures (e.g., Schottland et al., 2017) might actually lead to the opposite 
preservation effect as most of sediment sources of PIS come from the ocean and tidal flat (61%) 
and erosion from the shoreline is essential to maintaining elevation of marsh to SLR (Hopkinson 
et al., 2018). Dams on the Merrimack River are found to have trapped significant amount of 
sediments (e.g., Pearson et al., 2011; Shawler et al., 2019). Thus, dam removal projects within the 
Merrimack River watershed could potentially help the resilience of PIS by releasing sediments to 
the shelf that might then recirculate into the PIS estuary. Collaborative efforts to manage the 
watersheds of PIS and Merrimack River could help better develop future management practices. 
8 Conclusions 
This study combines theoretical, field, and empirical analyses using remote sensing and field 
data to determine the impact of dams on sediment transport, and evaluate the capability of the 
Parker River watershed as a sediment source. Sediment transport patterns are modelled through 
the calculations of P and 𝜏d along the Parker River main stem using DEMs. The values of SSC, 
aerial photos, and satellite images provide field-based evidence of whether active sediment 
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transport exists along the Parker River. Empirical calculation of Te provides a reference value for 
the sediment trapping capability of the dams. 
Contrary to the conclusions of previous studies (Willis and Griggs, 2003; McCusker and 
Daniels, 2008), the results support H1 (Upstream dams have no impact on the sediment supply of 
the Parker River watershed to the PIS and thus, no role in influencing the threshold sea level rate 
and resilience of salt marshes). The patterns of a}u
ac
 are similar between the dammed and undammed 
scenarios (Fig. 25) and Te of the dams are negligible (Table 5-6). The limited influence of dam 
removal could be contributed to three reasons. First, the dams were built on natural knickpoints 
along the river, and therefore dam removal does not significantly change the river profile. Second, 
the watershed is sediment starved. 50% of the watershed is consist of till or bedrock, which 
supplies limited amount of sediments. The average 𝑄Y and Y of the Parker River watershed (Fig. 
27, 28) are significantly below the average in the northeastern US (Ames, 2018). SSC data on a 
base flow day and a 0.87-year event day are also not significantly different from those of a blank 
DI water sample (Fig. 29, 30). Thus, little sediments are available for erosion from hillslopes. 
Third, Crane Pond likely serves as an effective sediment sink preventing sediments from 63% of 
the watershed to transport downstream. 
Consistent with previous studies, this study reveals a limited influence of fluvial contribution 
to the sediment budget of the PIS estuary. Sediment sources from the ocean and tidal flats are more 
important factors (e.g., Hopkinson et al., 2018; Zhang et al., 2020). In particular, the Merrimack 
River is most likely a source of oceanic sediments (Hopkinson et al., 2018), given the recirculation 
mechanism existing among the Merrimack River, the shelf, and the PIS estuary (Zhao et al., 2010). 
Climate change might also interact with this riverine-estuarine-shelf system through more extreme 
floods and strong northeast wind events that may boost SSC within the estuary. 
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The proposed method of this study provides an additional scope to assess the ecological 
benefits of removing a dam, and could be systemized and integrated into current assessment tools 
for dam removal. These analyses could then contribute to better understand the implications of 
upland land use management to the habitat and environment of downstream communities. Future 
studies should assess the sediment dynamics and management practices from a holistic scope of 
the riverine-estuarine-shelf system. 
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Appendix: Parameters and Constants 
Table A.1. Parameters, corresponding symbols and units. 
Parameters Symbols Units 
drainage area A km2 or m2  
discharge Q m3 s-1  
bankfull discharge Qbf m3 s-1 
channel width w m  
bankfull channel width wbf m  
channel slope S - 
elevation z m 
distance x m 
basal shear stress 𝜏d	 Pa 






median bed grain size D m 
grain size d m 
Shields parameter 𝜑 - 
critical Shields parameter 𝜑t - 
Rouse number P - 






settling velocity 𝑤Y	 m s-1 
shear velocity 𝑢∗ m s-1 
recurrence interval RI years 
suspended sediment yield Y Mg km-2 yr-1 
sediment discharge 𝑄Y Mg yr-1 
suspended sediment concentration SSC mg L-1 
mass of suspended sediments 𝑚𝑠 mg 
mass of dry sediments and 
organics 
𝑚𝑑𝑠 mg 
volume of water sample 𝑉kY L 
daily mean flow discharge 𝑄a cfs or m3 s-1 
instantaneous discharge (15-min) 	𝑄Rh	§È cfs or m3 s-1 
peak discharge 𝑄É_¹Ê cfs or m3 s-1 
daily sediment discharge 𝑄Ya Mg d-1 
trap efficiency Te - (%) 
capacity-drainage area ratio C/W -(%) 
capacity-inflow ratio C/I - (%) 
mean annual inflow 𝑄¹º mP 
storage capacity of the 
reservoir 
V m3 
reservoir area 𝐴a m2 
height of dam 𝐻a  m 
slope of the sediment rating curve a - 





Table A.2. Constants, corresponding symbols, and values with units. 
Constants Symbols Values with Units 
density of water 𝜌 1000	kg	mQP at 20 ℃	
sediment density 𝜌Y 2650	kg	mQP 
acceleration by gravity g 9.81 m s-2 
Manning’s coefficient of 
channel roughness 
n 0.04	for gravel-bedded 
rivers 




drainage area at the USGS 
gauge 
𝐴YY  5.52 ×	10m𝑚X 
empirical, dimensional 
coefficient for the power-law 
relation between bankfull 
discharge and drainage area 
𝑘r 8.20 × 10Q|	𝑚	𝑠QR	
exponent constant for the 
power-law relation between 




coefficient for the power-law 
relation between bankfull channel 
width and drainage area 
𝑘k 1.918 × 10h	𝑚R.XP|X	
exponent constant for the 
power-law relation between 
bankfull channel width and 
drainage area 
e 0.4038	
von Karman constant 𝜅 0.41	
molecular viscosity 𝜇 0.001	kg	mQRsQR for 
water at 20 ℃	
